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ABSTRACT

Albedo is a concept which has proved useful in the calculation of the
penetration of nuclear wecupons radiation through a shelter entranceway. The appli-
cation of the albedo approach to describe the behavior of neutrons impinging upon
various materials is the subject of this report.

Values of thermal neutron albedo for lead, iron, paraffin, aluminum, carbon,
and high-density concrete were measured, using the nuclear reactor of the University
of California at Los Angeles. The results are in reasonable agreement with theoretical a
calculations. Verification of the angular dependence of neutron scattering was
attempted, but with only partial success.

Albedo as a function of thickness of the scatteisig material was measured for
paraffin, carbon, andoaluminum. The results essentially conform with theory.

The possibility of using ýQ simple empirical formula for albedo calculations of
therma I -neutron streaming through lihelter ducts is apparent.

Copies available at CFSTI $2 00
Oualltfed requesters may obtain copies of this report from DDC

Release to the Clearinghouse is authorized.

The Laboratory invites comment on this report, particularly on the
results obtained by those who have appled the information.

This work sponsored by the Defense Atomic Support Agency.



4S.

OBJECTIVE

The work reported herein was performed in connection with Task Y-FO08-08-
05-201, Fundamental Studies of Gamma and Neutron Shielding Properties of Shelters.
The objective of this task is to improve existing knowledge on gamma and neutron
shielding properties of shelters and to verify experimentally, where necessary, the-
oretical information developed in the field, in order to fill in gaps in nuclear
shielding knowledge.

As a part of this task, the present work was undertaken to determine thermal
neutron albedo values for several materials because of the importance of albedo in
calculations of neutron streaming through ducted entranceways.

APPRQACH

Because of its lack of charge, the interactions of a neutron with matter can
be quite complex, since these reactions occur on a nuclear scale. What happens
when a plane wave of neutrons encounters some object may accordingly be difficult
to describe. Approximations can be made on the basis of complex models, such as
those used in transport theory and diffusion theory, but these techniques are often
extremely cumbersome to apply. Thus, a simple model is desired to indicate how
neutrons are reflected from materials and how neutrons stream in complicated geo-
metries.

One fruitful approach is the albedo concept. 1,2,3,4,5 The followirng pages
indicate the usefulness of albedo when considering a beam of neutrons reflected by
a plane scattering surface. The validity of this approach is discussed, and values nf
albedo as a function of angle are given for lead, heavy concrete, and iron. Values
of albedo for a given angle and several thicknesses are given for carbon, paraffin,
and aluminum.



THEORY

Albedo

When a neutron impinges upon a surface of material, it may be scattered, be
absorbed, or pass through. Which reaction dominates is a complicated function of
the material and the neutron energy, involving an energy-dependenr cross section
for scoiatring and absorption, and the densirt of the scatter'.S materic!. F..) a large
number of common construction materials, a reasonable number of neutrons are back-
scattered, or re-emitted. If this re-emission were known, one could easily calculate,
for example, the number of neutrons that could survive a bend in a duct. Knowledge
thus gained would have immediate use in shelter entranceway and reactor shielding
design.

Scattering Geometry

Consider a plane element of scattering material -f area A exposed to some
incident flux No (neutrons/cm 2 -sec) incident at a polar angle 6o, as shown in
Figure 1. A perfectly reflecting material which scatters isotropically would distribute
the incident flux uniformly over a solid angle of 2 1r, and thus the backscattered
flux at distance R from the material would be

N cos 8 AN 0 0 (1)

2TR2

The cosIo term was i :serted to account for the fact that +he orientation of the
elemental scattering area with respect to the source affects the flux incident upon
its surface. No azimuthal dependence has been inserted s;nce none would be expected
for thermal energies. Other investigations have shown this to be the case.5,6

It is desired to know how N varies with @o and e, the polar angles of incidence
and reflection, respectively. The angular dependence can be described for com-
parison with experiment by insertion of an albedo factor in Ecuation 1. Thus,

N cose A

N(0) R20 0 a (, 60 ) (2)

wheie ax, the albedo, modifies the scattered distribution of neutrons. An important
experimental consideration is that the detector must look at a small section of the
scattering material in order to avoid edge effects.
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Figure 1. Scattering geometry.



The nomenclature for Equation 2 is unfortunate in that the 2ff factor is generally
absorbed into of. If this were not the case, then an albedo could be crudely related
to a reflection coefficient; and when a = 1, total reflection would occur, corres-
ponding to a 21r source of secondary re-emitted neutrons. In our case this would
be represented by a 1=/2 ff = 0.159. It should also be noted that an a (d) > 0.159
at some angle 9 does not indicate more neutrons are emitted than absorbed but that
the distribution is peaked, favoring emission in the direction e. The only requirement
for total reflection is that

cta(O)cOd(cose) = 1

Detector

The main requirement for an experimentaf measurement of angular neuiron
albedo is that neutrons be detected directionally. For these first measurements,
thermal neutrons were chosen since they can easily be absorbed or collimated by
cadmium. A boron trifioride (BF3) co'unter was selected as a detector because of
its sensitivity to neutrons and its ability to differentiate from other radiation.

Cadmium foil surrounded the detector and projected 10.75 inches forward so
that only a small area of the scatterer was observed by the counter, as is shown in
Figure 2. Each elemental are, of the detector surface dS observes an area A' of
the scattering surface area A. Thus A' ; nab 2 R2/, 2 and is approximately inde-
pendent of the position oF dS on the detector's surface. The approximation becomes
very close when b2 << Z 2 . In the present case, b2 = 0.25 and Z 2 = 116.

To determine the effectiveness of the collimated detector in counting neutrons
emitted from the plane surface, let us define

C = the number of neutrons through the front face of the detector per unit
time

n = the number of neutrons emitted from the scattering surface area A per
unit time

dC' = the number of neutrons through dS from dA'

dC = the number of neutrons through dS from A'

dAl - the differential area on the scattering surface seen by the detector
surface

4



dA' •cdtim fed

BF 3 detector

Z = 10.75 inches
R = 27.25 inches
b = 0.50 inch*$

I

Asi

Figure 2. Areas A' of scattering surface seen from elements of detector
surface dS at different positions on detector surface.
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Thus we hove

d n dA'dC' = 2 A
2ffp

for a 2v emitter of secondary neutrons. If p2  R2 >> b2, then

in dA' n A'

dC d and dC = R2 dS

222
vb b2 R 2

Since A' 2-
2

n Z2 R2 )dS nb 2

then dC = 2"- R - -2 dS2nrR 2  2 Z2

Again dC is defined as the i'umber of neutrons through dS from the area of the
scatterer seen by dS per unit time interval. This is exactly true only when each dA'
is at the same distance from dS.

The number of neutrons per unit detector area per unit time passing the
surface is

dC nb2

dS 2Z 2

thus, the total number of neutrons passing the detector surface is

C 'dC dC 2 nrb4  
(

c S ci• s : •-S Vb2 (3)
dS~1  2 2Z 2

In order to evaluate albedo we must determine the effective area Aeff of the

scatterer observed by the collimated detector. The number of neutrons per unit area
per unit time at the detector is
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nA

eff
2 = R

But this is also equal to

2-nAfC Aeff"

b2 2
ir b 2ffR

2R2 C

giving Aff =2

b2 n

Remembering that C/n = Ty b4 /2Z 2 , we have

22 b4 R2b2

eA 2 R v b 7 ~R 6(4)ff b 2Z2 Z2

For the general case the detector is not norma! to the scattering plane and
there is an angle & between the collimator axis and the normal to the scattering
surface, as in Figure 3. For this case the express;on for the effective area is similar
to the above, but modified by a cos t dependence in the denominator:

ir R22(5)
Aeff 2 ,

z as

Flux Determination

It remains to evaluate N and No in Equation 2. This in itself is the problem
of the experiment and is generally insolvable except for special cases. Problems of
counter efficiency, energy change, and statistical fluctuations usually set a large
error on the results.

In this experiment neutrons were thermalized before scattering so that no
energy change would occur. Thus, energy-dependent effects on the BF3 tube were
avoided.

The incident flux No was found by placing the counter, with its cadmium shield
pulled back 10.75 inches, parallel to and facing into the incoming beam at the
position the scatterer would usually occupy, as is shown in Figure 4. The counting
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rate Co of the detector is proportional to the neutron flux No. Next, the collimator
was moved forward 10.75 inches beyond the detector face, which was again pointed
at the scattering position. Then the scatterer was inserted, angles were measured,
and a count, C(6), proportional to the flux N(6) was obtained. The same proportional
factor enters here as aboAe, and since N/No occurs in the albedo equation, (2),
these factors cancel. Thus,

, 6 N R2 = R C Cos & Z (6)0 N 0cos 6 0A C 0cos 1 A ef C 0Cos 60v 2
- o eo a a eff -o olb2

This solution is possible since the divergences of the scattered and incident neutrons
are the some within the accuracy of the experiment. If this were not the case, an
uncalculable efficiency factor would enter into the result. N/No, representing
the flux ratio, is now equal to C/C 0 , the counts per unit time ratio, and a may be
calculated knowing this ratio and the geometry.

DATA

Tables I, II, and IlI following the text display detector counting rates as a
function of e for several values of 8o for lead, high-density concrete, and iron.
Table IV displays counting rate versus thickness for paraffin, aluminum, and reactor-
grade carbon (with less than 1/10 ppm of boron). Table V displays counting rates
for 1-inch cubes of carbon, aluminum, paraffin, and lead. This data was corrected
for extraneous radiation such as background gammas and fast neutrons by placing
a cadmium shield over the collimator and counting in the various angular positions.
At all times the back of the detector was shielded for no neutron entry. The scatterer
was placed 54 inches from the thermal port of the reactor, and all scattering was
coplanar.

It is of interest to note that for certain angles the counter was actually in the
neutron beam and the flux read was lower due to the absorpt;on of neutrons that
contributed to No. See, for example, 6o = 450 and 1 = -450 in Table II.

COMPUTATIONS

Figures 5, 6, and 7 show a (0o, 6) for lead, concrete, and iron. The error bars
shown represent standard deviations based on the square root of the counts. Table VI
displays albedo value, for paraffin, aluminum, and carbon. Table VII lists albedo
values for 1-inch cubes of lead, aluminum, carbon, and paraffin. These latter values
were computed employing the formula
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N

R2

Here A is 1 square inch. The cadmium shield was no longer needed for collimation,
but was retained to help reduce correction for extraneously scattered background
neutrons. No angular measurtments were made since for such a small scattering
element (with dimensions on the order of or less than a scattering length), 6 and
1o have no real meaning since no surface is defined.

DISCUSSION OF RESULTS

If the reflection of thermal neutrons from a scattering area were completely
isotropic, a (6, 0o) would show no variation with t. In most cases the dependence
on 6 is more marked. This can be accounted for by assuming the finite scattering
plane shows edge effects for large values of 6 and 60. This problem cannot be
resolved because as 0 approaches 900 an infinite amount of scatterer is observed.
Thus, even at 600 the edge effects of a finite scattering slab would cause (k to drop.
Another difficulty is to hold No constant over a large area. No versus lateral
displacement for various distances from the reactor port is shown in Figure 8. Another
problem arises when 60 is varied. The flux falls off from the reactor core inversely
as R2 and is not constant over an appreciable extent of the scatterer unless the two
are strictly perpendicular. This is shown in Figure 9. Note the flux buildup at the
wall from the backscattered neutrons. If the experimental albedo values are
accepted as true, they would indicate preferential backward scattering, since forparaffin and carbon the experimental albedo values are above the theoretical values.

The magnitudes of a measured albedo are a function of its thickness. The
experimentally determined albedo value, oe t, should approach the theoretical
value, atheory, when the scattering thickness is several scattering lengths (I/'s),
where Es is the macroscopic scattering cross section. A feel for the size of o may
be obtained by tabulating the absorption and scattering cross sections, as is done
in Table VIII. When 5s/r 0a is a large number (>->1), o, should approach the limiting
value of amax theory = 0.159. Theoretical values of a from Rafalski 7 for a semi-
infinite slab wall of various ratios of crso/aa are included in Table VIII. These
values were obtained by dividing Rafalski's values by 2v' and assuming his albedo
to be isotropic. If a values are below these values, it is probably Lecause
the scattering slab isc? thin. Scattering lengths are listed in Table VIII for the
various materials used. The concrete values are from an Oak Ridge National Laboratory
report5 for portland concrete.

9



dS

R

dAl = (r drdt)02

(r2 + Z2 )Cos,

fdC'ds = f nrdrd• ;2 dS

2"r 2(r2 + Z2)CoS$

C = - for r'2 Z2 
and cos cos

2 Z 2 Cos

and A O
oAff = Z 2 

cos 9

Figure 3. Detector geometry for the general case.
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Figure 4. Geometry and collimator positions for obtaining C and C 0 . I
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Figure 5. Albedo values for lead.
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Figure 7. Albedo values for iron.
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Figure 9. Variation of neutron flux with distance from reactor port.
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Figure 10 shows ry versus thickness of the scattering slab for paraffin, aluminum,

and a theoretical case. For aluminum the scattering thickness is much less than a
scattering length, and o& is a linearly rising function of thickness. The paruffin is
in the opposite case where the asymptotic limit has been reached and there is no

variation of & with thickness other than statistical fluctuations. In both cases the
albedo value for the 1-inch cube has been inserted, and it is rather surprising that
for aluminum tie olbedo value fits in well with the other data. These results are
more reasonable when the distance of one scattering length is considered - about
5 inches for aluminum and 1/10 inch for paraffin. The maximum thickness of the
aluminum was less than one-half of a scattering length, and therefore there was no
flux buildup in the scattering material. This means edge effects would not tend to
lower the albedo value. On the other hand, the 1-inch paraffin cube was almost
ten scattering lengths in size, and edge effects would definitely enter in. Figure 10
bears this out in that a for the 1-inch cubes is lower than would be expected for
paraffin but within experimental error for aluminum.

Thus, the general trends of thermal scattering characterized in Equation 6 seem
to be borne out and to comply with theory. Any exact evaluation, especially of the
angular variables, requires measurements near 8 and 80 equal to 900, and this is
experimentally unfeasoble. Also, whether Equation 6 or a more accurate analysis,
such as one which accounts for absorption (see Y. T. Song's report, 6 which unfortu-
nately has no thermal values of a), should be used can only be decided by much more
refined work.

ERRORS

Several sources of errors are pe'ent:

1. Statistical fluctuations of the count rates are on the order of rte square
root of the number counted divided by the time. This error was reduced in
some cases by averaging a number of readings, increasing No, and increasing
the time observed. The error bars on the graphs represent the statistical
fluctuation of the count rates.

2. Edge effects as 9 becomes large make values for a far from the normal drop
drastic, Ily.

3. Geometric errors in measuring dimensions account for 8% to 10% error. The
greatest of these is the detector diameter and the inside diameter of the
collimator.

4. Divergences of the beam for the geometry involved varied by less than 0.5%.
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FINDINGS AND CONCLUSIONS

The measurements of absolute values of thermal neutron albedo for lead, iron,
paraffin, aluminum, carbon, and high-density concrete showed reasonable agreement
with theoretical expectations. Deviations from theory were accounted for by geo-
metrical factors inherent in the experimental arrangement. It is, therefore, reasonable
to use a simple empirical equation for albedo calculations of thermal-neutron stream-
ing through ducts. Such werk is presently being attempted.

The validity of this simple method for cases of grazing incidence cannot be
determined without more detailed experimental investigation.
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Table I. Counting Data for Lead (2 inches thick)

* =450 e =00
0 0

Angle e C (counts/mmn) Angle e C (counts/min)

-45 24 0 37

-33 38 +10 41

-22 42 +22 49

-10 32 +33 44

0 30 +45 52

+10 38 +50 46

+22 35 +60 56

+33 54 +70 49

+45 45 +80 48

+55 56

+60 40

(a) C = 5.27 x 104 counts/min at 100 watts

(b) Background as a function of angle removed from all counts/min

20



Table II. Counting Data for High-Density Concrete (2 inches thick)

8 =45° 6 =00

O 0

Angle 9 C (counts/min) Angle 8 C (counts/min)

-45 85 +15 262
-40 538 +25 267
-35 269 +30 307
-30 240 +35 269
-25 237 +40 272 ý4
-20 235 +45 331
-15 205 +50 244
-10 222 +55 303

-5 227 -60 276
0 239 +65 300

+5 270 +70 275
+10 235
+15 250 P = 680

+20 219 ........ o
+25 272 +30 69
+30 237 +40 54
+35 232 +45 75
+40 261 +50 94
+45 258
+50 291

(a) C = 2.58 x 105 counts/min at 500 watts

00

(b) Data for 9 = 450 averc~ged for 2 min at each angle
0

21k
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Table Ill. Counting Data for Iron (1 inch thick)

8 450 6 = 000 0

Angle 8 C (counts/mmn) Angle 6 C (counts/min)

-30 114 +15 182

-20 131 +25 177

-10 104 +35 159

0 123 +45 168

+10 109 +55 157

+20 136 +65 153

+30 119 +75 151

+40 141

+50 131

C = 3.34 x 105 counts/mmn at 500 watts
0
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Table IV. Counts Versus Thickness for Paraffin, Aluminum,
and Carbon

Material ~Thickness m)
____ ____ ____ ____ ___(in.)

Paraffin 1.5 927

3 984

4.5 941

6 1,021

Aluminum 0.125 45

0.625 94

1.625 168

2.25 205

Carbon 4 775

(a) C 0= 8.38 x 10 5counts/2 min at 500 watts

(b) Background =44 counts/2 min

(c) e=45 0 and19 00 in allcases

23



Table V. Counts for Various 1-inch Cubes

Material C (counts/5 min)

Carbon 355
Aluminum 235
Paraffin 914
Lead 177

Co(calculated) 2.5 x 2 x 8.38 x 105 = 41.9
x 105 counts/min at 1,000 watts

Table VI. Albedo Versus Thickness for Paraffin, Aluminum,
and Carbon

Material Thickness Albedo
(in.)

Paraffin 1.5 0.230
3 0.243

4.5 0.232
6 0.276,

Aluminum 0.125 0.0111
0.675 0.0232
1.625 0.0416
2.25 0.0510

Carbon 4 0.192

(a) C = 8.38 x 105 counts/2 min at 500 watts0

(b) = 450and8O = 0inallcases
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Table VII. Albedo Values for Various
1 -inch Cubes

Material Albedo

Carbon 0.0630
Aluminum 0.0417
Paraffin 0.162
Lead 0.0314

(a) Co.nts made for 5 min at 1,000 watts

(b) N = (No/R2)c

R = 16.5 + 10.75 = 27.25 in.

= (N/No) 7.42 x 102 = N x

1.772 x 10-4

IITable VIII. Variation of Albedo With the Ratio as/ca

Material Scattering Length rl/I] f
(in.) -°s/a •expt %teory1-

Carbon 0.81 1,300 -0.19 0.16
Aluminum 4.7 5.8 > 0.055 0.054
Iron 0.42 4.2 -0.067 0.048
Lead 1.1 65 -- 0.11 0.11
Paraffin 0.13 1,2203 -0.24 0.16
Concrete 0.95 >1,000 -0.16 0.16

1-/berived from Reference 7
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